Recent years have seen great interest in emerging memory technologies, with resistive random access memory (RRAM) 1 being one of the most promising candidates, with low power consumption, high speed switching, and high density storage in 3D arrays demonstrated. 2, 3 Two-terminal resistance switching elements can change resistance under an appropriate voltage bias. The ability to retain the last resistance state even without a voltage bias suggests a range of potential applications including non-volatile memories, 4 logic, 5 and unconventional computing architectures. [6] [7] [8] In filamentary resistance switching, the resistance change is governed by formation and annihilation of conductive filaments inside initially insulating layers-typically metal binary oxides and perovskites. In the case of intrinsic filamentary resistance switching, in which changes in resistance are driven by changes to the structure of the oxide matrix rather than by indiffusion of metal ions from one of the electrodes (extrinsic switching), the filaments are generally considered as chains of oxygen vacancies, generated by the field-driven rearrangement of oxygen within the oxide. Resistance transitions are achieved by the application of voltage biases across metal-insulator-metal (MIM) structures, which drives the movement of oxygen ions. A crucial first step in this process is the generation of mobile oxygen species which, in the case of silicon oxide, is thought to involve a combination of applied field and electron injection. 9, 10 There have been a handful of studies on light controllable resistance switching, [11] [12] [13] [14] which conclude that optical illumination can improve switching properties or be an enabler for resistance switching. In these studies, the light illumination was used to control the resistance by modulating the trapped electrons in the binary strucutres 11 or by modulating the Schottky-like barriers. 12 Other approaches include the use of the intrinsic photoconductivity of 1D metal oxide nanorods 13 and the use of photoferroelectric effects in multiferroic materials.
14 Here, we report that the use of an optically active p-type silicon electrode provides an additional control method, beyond the applied field, in resistance switching of silicon oxide RRAM devices. More specifically, we observe a decrease of the set voltage [required to switch from the high resistance state (HRS) to the low resistance state (LRS)] by applying light within the visible spectrum. Furthermore, distinctively to studies mentioned above, we demonstrate that it is possible to set devices optically in conjunction with a voltage bias that is too low to initiate switching on its own.
The RRAM devices used in this experiment had a metal-oxide-semiconductor (MOS) structure. They were fabricated by depositing 35 nm of silicon oxide onto p-type, Bdoped Si(100) wafers by magnetron co-sputtering at 500 C. The silicon oxide was measured to have an excess silicon content of 11%, as measured by XPS (Perkin-Elmer PHI-5500). This gives the SiO x stoichiometry close to x $ 1.3. In our previous study, we found that the oxide layer is rich in asymmetrical SiO 2 Si-Si and O 3 Si-Si configurations. 15 After deposition, the samples were annealed at 500 C under nitrogen for one hour. Once cooled, 70 nm of indium tin oxide (ITO) was deposited on top of the silicon oxide by sputtering. 500 lm Â 500 lm square contacts were defined by standard photolithography followed by a 30 s bath in hydrochloric acid. A chrome-gold Ohmic contact was applied to the base of the silicon substrate by evaporation. This consisted of 10 nm of a)
A. Mehonic and T. Gerard contributed equally to this work. chrome and 100 nm of gold. We found that the oxides in the range of 30-40 nm give the best switching properties. A schematic of the device and the experimental setup is shown in Fig. 1 
(a).
Electrical measurements were performed using a Keithley 4200 Semiconductor Characterisation System and a Signatone probe station. Testing was performed at room temperature within a dark box. Light was introduced to the RRAM device via a fibre optic bundle attached to an optical microscope. Five different laser sources were used, with wavelengths spanning the visible and near infra-red, as well as white light from a tungsten filament bulb.
A summary of the laser powers incident on the sample for different source wavelengths is detailed in Table I . Figure 2 (a) shows a typical current-voltage switching curve of the RRAM device in darkness after electroforming. By raising the voltage above a threshold voltage V SET , the device transitions from the high resistance state (HRS) to the low resistance state (LRS)-the set process [steps (i) to (iii)]. The device remains in the LRS until a negative threshold V RESET is achieved. At this point, the device switches back to the HRS (the reset process), as shown in steps (iv) to (vi). More details about electrical performance and switching mechanisms in SiO x are given in our previous reports. [16] [17] [18] [19] [20] We note that the devices typically operate better in ambient rather than vacuum conditions. Similar behaviour has been reported by other groups as well. 21 In particular, the reset process is harder to achieve in vacuum. This could be due to the lack of environmental oxygen necessary for the re-oxidation of filaments or more extreme loss of oxygen during the electroforming process. We found that the devices are stable at elevated temperatures. 16, 18 To characterise the response to optical stimulation, the device was put in the HRS and biased with a constant voltage. Current was sampled every 0.3 s for 15 s. The device was exposed to white light for the central 5 s (orange in Fig. 2(c) ]. This is a typical capacitor charging and discharging response due to the generation of excess carriers in the system, which flow in the external circuit. This indicates that no conductive filaments are formed at this point. At 5 V, the device shows an abrupt jump in current when exposed to light. The current level remains high even after the removal of the light, demonstrating a set transition [ Fig. 2(d) ]. This is evidence of light-triggered switching. The sub-threshold switching voltage can vary from device to device and from cycle to cycle; it is related to the inherent variability of switching voltages in RRAM devices which, while rather large in this non-optimised device, can be greatly reduced through appropriate material and device design. 17, 19 Finally, Fig. 2 (e) shows the device response in the LRS; current rises and falls when exposed to light. This is typical of a photo-induced transient current without a permanent conduction change.
We analysed how the wavelength of the laser affects resistance switching. Time-bias measurements were performed on devices in the HRS at a bias of 5 V while exposing them to five different laser sources (Table I ). The 1152 nm laser light does not induce any response, indicating that photons of this wavelength have insufficient energy to generate photocarriers. This supports the hypothesis that light is absorbed in the silicon bottom electrode, as the photon energy of 1.08 eV is smaller than the bandgap of silicon at room temperature (1.12 eV). The response of devices to laser wavelengths within the visible spectrum is shown in Figs. 3(a)-3(d) . To characterise the effect of the laser power on V SET , the 632.8 nm laser was directed through neutral density filters to vary the incident optical power. Repeated voltage sweeps of 0-10 V were performed and V SET measured. Devices were reset between sweeps. The mean and standard error on the mean of V SET were calculated. 131 sweeps were performed in darkness, and 62 under full power (41 nW). 25 sweeps were performed for all other incident powers. The decrease of V SET with incident laser power is shown in Fig. 3(e) . Lastly, once the device is set into the LRS, we observe that photocurrent varies with the applied wavelength. A responsivity curve can was therefore constructed by comparing photocurrent to normalised laser power at different wavelengths [ Fig. 3(f) ]. The most significant source of uncertainty is the attenuation experienced by the light when passed through the fibre optic bundle and optical microscope, adding a baseline uncertainty of 15% to all visible wavelength sources. The responsivity results are compared to the responsivity curve of a typical silicon photodiode decreased by a factor of 10 [ Fig. 3(f) ]. The RRAM responsivity data follow the photodiode curve, falling off after 1000 nm, justifying the p-type silicon substrate as the optically active element of the device. Note that MIM structures with metallic top and bottom electrodes do not exhibit light-induced activity, further confirming that photon absorption occurs in the silicon bottom electrode.
Several potential effects may lower V set as well as produce light-activated settings. Previous reports from oxide films suggested that trapping and detrapping of optically generated charges at a Schottky-like barrier could be responsible for the differences in device behaviour in the dark and under illumination.
11,12 However, we note that in our devices, the dominant conduction mechanism is trap-assisted tunnelling, 16 and therefore, we suggest a different mechanism.
We propose that that the generation of electron-hole pairs by incident light enhances electron injection from the silicon electrode into pristine trap sites in the silicon oxide under electrical bias. This is a crucial first step in the generation of mobile oxygen species in SiO x . Electron injection and trapping at intrinsic defects in the pristine oxide lead to the increase in the creation rate of Frenkel pairs, which consist of oxygen vacancies and oxygen interstitial ions, with oxygen interstitial ions having low migration barriers (around 0.2 eV). 9, 22 This results in faster conductive filament production by promoting oxygen vacancy formation. Once sufficient vacancies have been generated to create a continuous or semi-continuous filament bridging the oxide, the device switches to the LRS. The evidence of the filamentary switching can be found in our previous study. 19 Here, we have used the conductive atomic force microscopy (CAFM) tomography to study the nature of the resistance switching by localising and reconstructing the 3 D images of the conductive filaments. Further, we have been able to modulate the conduction of localised areas by applying the bias to scanning tunnelling microscope (STM) tips. 17 The combination of the low applied electric field with the generation of excess carriers by optical illumination enables us to separate the contributions of the applied field and carrier injection; our results support the hypothesis from Ref. 9 that electron injection, not field, is the rate limiting step in Si-O bond breakage, formation of Frenkel pairs, and generation of conductive filaments. Our results further enable an added mode of operation for SiO x RRAM devices-optical triggering.
In summary, the optical activity of RRAM devices was investigated by characterising ITO/silicon oxide/p-type-silicon devices in a range of voltage and optical conditions. Using broadband white light and red, green, blue, and infrared laser light, the RRAM devices were shown to be optically active under all but infrared laser light. This optical activity was demonstrated to cause charging across the RRAM device in the HRS and photocurrent in the LRS and could be used to switch the device from the HRS to the LRS in conjunction with a voltage bias. The lack of response to photons with energy smaller than the silicon bandgap confirmed the silicon substrate as the optically active region of the device. We hypothesise that enhancement of electron injection into traps in the pristine oxide layer and subsequent generation of Frenkel pairs promote the formation of conductive filaments of oxygen vacancies.
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